Organic thin-film transistors were fabricated by direct patterning of solution-processable semiconductors consisting of either poly(9,9Ј-dioctyl-fluorene-co-bithiophene) or a regioregular poly͑thiophene͒. Acoustic ink-jet printing was used to deposit the polymeric semiconductor onto patterned metal source-drain contacts. Printed and spin coated transistors performed identically. The regioregular poly͑thiophene͒ exhibited a mobility of 0.1 cm 2 V -1 s Ϫ1 , on-off current ratios of ϳ10 Organic thin-film transistors ͑OTFTs͒ have gained attention for their potential to reduce the cost of fabricating largearea electronics in applications such as flat-panel displays, image sensors, radio frequency identification tags, and smart cards. The significance of polymers in particular is that they can be deposited from solution, therefore allowing device patterning by direct marking techniques. Jet printing is an attractive process because it is low cost, applicable to largearea processing, compatible with flexible substrates, and can be adapted to high-throughput manufacturing processes, such as roll-to-roll printing methods. The technique provides a drop-on-demand digital lithographic process without the need for physical masks and material is only applied where it is needed, decreasing materials cost and environmental impact.
Given the interest in OTFTs, it is surprising that until now there have been no published reports of jet printing of the semiconductor for their fabrication. While jet printing has been applied to polymeric semiconducting materials for the fabrication of organic light-emitting diodes 1,2 and metalsemiconductor-metal diodes, 3 multilayer registration was not required in these devices. Jet printing has also been used in the fabrication of all-polymer TFTs, 4 however, the active polymeric semiconductor was not jetted onto the device structure but rather spin cast over the entire sample. The ability to pattern discrete areas of semiconductor improves performance of devices in an array by reducing device-todevice leakage. Several other patterning methods have been used to define the semiconductor for OTFTs, including photolithography, 5, 6 screen printing, 7, 8 shadow masking, 9, 10 and dip coating, 11, 12 however, each of these techniques uses more material for patterning than is used in the device.
This letter describes the fabrication of OTFTs using drop-on-demand jet printing of polymeric organic semiconductors. The devices reported in this demonstration are fabricated on a layer of thermal oxide with a common silicon gate electrode, although initial results show the technique also yields working transistors on flexible polymer substrates. The metal source and drain contacts were patterned by digital lithography using printed wax as an etch resist. 13, 14 Printed etch masks offer advantages over other resist patterning methods such as photolithography and contact printing. The former technique is expensive, complex, and requires specialized equipment, and the latter has not been reported with multilayer registration better than 50 m. We achieve layer-to-layer registration in our printing techniques by fixing the substrate position using alignment marks patterned in the first layer and using a camera equipped with a microscope objective to electronically image and locate the marks. The electronic image file of the next layer is then digitally translated and aligned to the marks prior to defining the new layer. The image-capturing software is capable of aligning multiple layers to a resolution of better than 5 m.
15 While this resolution is finer than is required for the size of current printed features or for applications such as large-area displays, some inkjet techniques can achieve drop sizes as small as 5 m.
16
The jet printing technology that we use for the polymeric organic semiconductors, acoustic inkjet printing, has been described previously. 16 In brief, a high-frequency transducer attached to the back of an acoustic lens launches an acoustic wave through the lens. The lens focuses the acoustic energy, forming a pressure wave that overcomes the surface tension of the liquid standing over the lens and expels a drop from the surface. The nozzleless design minimizes clogging of the ejector, a common problem with thermal or piezo inkjet printers. Polymeric semiconductor dissolved in an organic solvent serves as our ''ink.' ' The OTFTs demonstrated here used coplanar device geometry. Fabrication of the transistor is illustrated in Fig. 1 . First, gold contact metal ͑100 nm on a 2 nm adhesion layer a͒ Electronic mail: kateri.paul@parc.com FIG. 1. Schematic of the process of fabricating coplanar TFTs using acoustic inkjet printing. A metal layer, typically gold with a thin adhesion layer of chrome, is deposited on a substrate of doped silicon with a layer of thermal oxide. Source/drain contacts and alignment marks are defined by printing wax and the underlying metal layer is then etched. After the wax is removed, the gate oxide is chemically modified to be hydrophobic. Following electronic alignment of the digital mask and substrate, the semiconductor is printed over the channel. The semiconductor was then deposited by acoustic inkjet printing onto the patterned and treated substrate. Two polymeric organic semiconductors were studied: ͑i͒ a 0.45% solution of poly͑9,9Ј-dioctyl fluorene-cobithiophene͒ ͑F8T2͒
18 in xylene and ͑ii͒ a solution of a regioregular poly͑thiophene͒ ͑XPT͒ synthesized at Xerox Research Center of Canada. 19 In both cases, the solution was filtered into a temperature-controlled reservoir in the jet printer. A backpressure of nitrogen gas (Ͻ10 psi) controlled the position of the meniscus of solution over the acoustic lens for droplet ejection. The substrate was suspended over the print head on a computer-controlled x -y stage equipped with a heating element. Ejected droplets (ϳ15 m) impinged on the substrate and dried; the average drop diameter on the treated surface was ϳ35 m for both inks. The size of the drop is controlled by the frequency and width of the pulse used for ejection, and the distance of the acoustic lens from the surface. 16 The thickness of a single drop was ϳ25 nm in the center with an edge bead of ϳ100 nm.
The thickness of the printed polymer features is controlled by the print speed and the overlap ratio. The latter parameter is important in forming continuous features; the head is programed to print large areas line-by-line and a higher overlap ratio leads to a thicker polymer layer. The ejected drops coalesce within a printed line, however, if the solvent evaporates before the next line is printed the dried lines result in a striated topography seen in Fig. 2 . Figure  2͑a͒ is a micrograph of printed XPT and Fig. 2͑b͒ shows an image of printed F8T2 acquired by tapping mode atomic force microscopy. The topography of the surface shows the increased thickness of the polymer as each line is applied with a drop size of 35 m and an overlap ratio of 50%.
Current-voltage characteristics of the printed OTFTs were measured in air and in the dark. Sweeping the voltage of the transistor from the off-state to the on-state of the OTFT gave transfer curves from which we extracted the effective linear or saturation mobility. Annealing both printed and spun XPT films at 120°C for 20 min in ambient improved the extracted mobility and subthreshold swing, while the F8T2 films showed no such improvement and were characterized without annealing. Figure 3 shows representative transfer and output curves for XPT coplanar transistors of the type illustrated in Fig. 2͑a͒ . The data conform well to conventional transistor models in the linear and saturation regimes, with mobility equal to 0.1 cm 2 V Ϫ1 s Ϫ1 , on/off ratio Ͼ10 6 , threshold voltage of Ϫ3 V, and subthreshold slope of 1.7 V decade Ϫ1 . Extracted linear mobility for the printed F8T2 on OTS treated gate dielectrics had an average value of 4ϫ10
Ϫ3 cm 2 V Ϫ1 s
Ϫ1
and a subthreshold slope of ϳ1 V decade Ϫ1 for a coplanar device geometry. All the data are within the range of values that we observe in the equivalent spin-cast devices, indicating that the use of additive jet printing for depositing polymeric organic semiconductors does not compromise device performance.
Inkjet printing, in addition achieving high device performance, also allows several degrees of control that are not available to other processing techniques. As has been shown previously, the performance of OTFTs depends on two important factors: ͑i͒ the interface between the semiconductor and the dielectric 20 and ͑ii͒ molecular ordering within the polymer. 21 With respect to the first factor, polymeric semiconductors patterned on hydrophobic gate dielectrics that are difficult to coat uniformly by spinning yield improved performance over untreated dielectrics. 20, 22 Direct marking simplifies processing on hydrophobic substrates, allowing the deposition and patterning of organic semiconductor for highperformance OTFTs in one processing step. Jet printing could also be applied to substrate surfaces that are rubbed or otherwise treated to enhance molecular ordering for improved device performance.
The disadvantages of jet printing the semiconductor are the single ejector printhead used and the engineering needed for solution based techniques. The prototype printhead used in these experiments could be scaled to a multiejector printhead that would enable parallel processing of TFT arrays. As with any solution-based technique, materials compatibility is a challenge requiring device design to prevent the solvent used in successive layers from dissolving previous layers. Using digital lithography to pattern wax resist for etching metal contacts circumvents the issue of dissolution of previous layers, but further materials engineering or device design may be required when jet printing organic semiconductor inks on polymeric substrates or dielectric layers.
In conclusion, we have fabricated OTFTs by direct printing of soluble polymeric organic semiconductors and measured characteristics comparable to those of devices prepared with the same polymer solution and similar substrates by spin casting. Drop-on-demand processing uses less material and therefore generates less waste than other application techniques such as spin coating or screen printing. This semiconductor patterning method demonstrates the possibility of using direct-write methods for reducing cost and simplifying the fabrication of large-area electronics. 
